2

RENORMALIZED PERTURBATION
APPROACH TO ELECTRON TRANSPORT
THROUGH QUANTUM DOT

A. C. Hewson!, A. Oguri2, and J. Bauer?®

! Department of Mathematics, Imperial College, London SW7 2AZ, UK
a.hewson@imperial.ac.uk

2 Department of Material Science, Osaka City University, Sumiyoshi-ku, Osaka
558-8585, Japan oguri@sci.osaka-cu.ac.jp

3 Max Planck Institute for Solid State Research, Heisenbergstr.1, 70569 Stuttgart,
Germany j.bauer.fkf.mpg.de

Abstract. We review the basic ideas of a renormalized perturbation theory which
works directly in terms of fully dressed quasiparticles, and its application to the
calculation of the current through a quantum dot both in equilibrium and non-
equilibrium steady state conditions. The method is illustrated for the impurity
Anderson model. We show how the relevant renormalized parameters can be de-
duced from a numerical renormalization group calculation, and also how they can
be generalized to include an arbitrary magnetic field. In applying the method to elec-
tron transmission through quantum dot, we show how the zero field conductance
can be expressed in terms of the renormalized parameters, and how asymptotically
exact results at low bias voltages can be derived from the expansion to second order.
The potential for the further application of this approach to this class of problems
is assessed.
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2.1 Introduction

The problems of the infinities that arose in the early application of perturba-
tion theory to quantum electrodynamics (QED) in the 1940s were eventually
circumvented by reorganising the perturbation expansion so that it could be
made in terms of the ‘fully dressed’ electrons, rather than the original or
‘bare’ electrons [1]. The renormalized parameters describing the fully dressed
electrons, their mass, charge, and the rescaled fields in the low energy regime
could then be taken directly from experiment. In the reorganized perturbation
theory, counter terms have to be included to prevent overcounting and renor-
malizing quantities which have already been taken as being fully renormalized.
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The theory can then be developed entirely in terms of the renormalized
parameters. The success of this approach not only led to elimination of all
reference to divergent quantities but, as is well known, gave results for quanti-
ties such as the g-factor for the electron in unprecedentedly precise agreement
with experiment. The divergence problems in QED arose from the lack of a
high energy cut-off. In the field of condensed matter theory, there is always
a relevant finite cut-off, so this approach to renormalization has seldom been
used. Strong renormalization effects, however, are a characteristic of strongly
correlated electron systems in condensed matter, such as heavy fermions where
the effective mass of the electrons at low temperatures can be of the order
of 1,000 times that of a ‘bare’ electron. The approaches to renormalization
used in condensed matter have, for the most part, been based on the methods
developed by Wilson for the calculation of critical exponents, where shorter
wavelength or higher energy fluctuations are progressively integrated out to
derive an effective theory for the long wavelength or low energy states [2].
The advantage of this approach, when it can be carried out fully, is that the
renormalized parameters for the effective model describing the low energy or
long wave fluctuations can be calculated explicitly. The complications that
arise are that new interaction terms are generated on intermediate scales in
the process, which can be very difficult to handle. Here we show some of the
merits of combining the Wilson approach with the earlier one of working with
a renormalized perturbation theory in terms of fully dressed quasiparticles,
particularly for calculating the low energy behavior for strongly correlated
electron systems. We show how this combined approach can be applied to the
problem of electron transport in quantum dot, both in the linear response and
non-equilibrium steady state regimes.

We illustrate this approach for the Anderson impurity model [3], which has
not only played an important role in understanding the effects of magnetic
impurities in metals (Kondo effect), but is also a basic model for describing
the transport of electrons in nanoscale systems, and in particular quantum
dot. The Hamiltonian for this model is

H=>Y eqodid, + Unasna;+ > (Vdic,, +V7c) dy) + > €hoCh yCh o
o k,o k,o

(2.1)
The three basic parameters that specify the model are the energy level of
the impurity state €4, the hybridization width parameter A = 7|V|?p. for
a constant conduction band density of states p., and the interaction at the
impurity site U. These will be replaced by the corresponding renormalized
quantities, éq, A, and U, defined by the equations,

Gi=z2(ca+2(0), A=zA, U=2:1'",(0,0,0,0), (2.2)

where Y(w) is the self-energy of the impurity retarded Green’s function
Gao(w) = (w—eqa+iA—X(w))™1, 2 = (1-X'(0)) 7! is the usual wavefunction
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renormalization factor, and I g(flza(wl,wz,wg,ml) is local full four vertex for
the scattering of electrons with opposite spin. With this choice the Green’s
function Gg ,(w) can be re-expressed in the form, G4 ,(w) = 2G4 ,(w), where

2G40 (w) is the quasiparticle Green’s function given by
1

Gaolw) = w—¢Eq+iA— 2((.«))’ (23)

and the renormalized self-energy X(w) ~ w? as w — 0, assuming the Lut-

tinger result that ImX(w) ~ w?. The perturbation theory in powers of U can
be reorganized into one in terms of the renormalized interaction U, with the
free quasiparticle Green’s function G’g’g(w) = (w— & +iA)~" as the propa-
gator [4,5]. Three counter terms have to be included to prevent any further
renormalization of the parameters, €4, A, and U, which have been taken to
be fully renormalized. The counter terms can be determined order by order

from the conditions,
£0)=0, £'(0)=0, I (0,0,0,0)=0. (2.4)

These are equivalent to the renormalization conditions used in field theory,
but in this context they have nothing to do with the elimination of infinities,
and are best regarded as overcounting conditions. This implies that the results
of the model can now be specified entirely in terms of the three renormalized
parameters, éq, A, and U.

The advantage of the renormalized perturbation theory (RPT) is that the
exact results in the low energy Fermi liquid regime can all be derived from
the perturbation expansion to second order in U only. The Friedel sum rule
which gives the occupation of the impurity site (nq,-) takes the form,

1 1, 4 /[/é&
o) — <= — —t - 5 25
() = - 2t () (25)
and the impurity spin and charge susceptibilities at T' = 0, xs and x., are
given by

p(0) 5

szﬁﬁﬁﬁaHMW,m:34hvm» (2.6)

where p(w) is the non-interacting quasiparticle density of states given by
N 1 A
plw) = —

o AT 27

The impurity contribution to the low temperature conductivity o(7T) for the
symmetric model (€4 = 0) is given by

™ T\ U ’
Timp(T) = 00{1 + Kl <E) 1+2 (E) + O(T4)}. (2.8)
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In the nearly localized or Kondo regime, €; — 0 and there is only one energy
scale, the Kondo temperature Tk. In this regime, y. — 0, so from Eq. (2.6)
we find U = 1A, so with Tk defined by xs = (gup)?/4Tk, U = 1A = 4Tk.

As no approximations have been made in setting up the renormalized
perturbation theory, in principle results can be obtained appropriate to any
energy scale if all the relevant diagrams can be taken into account. How-
ever, for calculations on higher energy scales we have to take account of
the undressing or de-renormalization of the quasiparticles, which will involve
higher order diagrams and terms to all orders in U, to recover the bare inter-
action U relevant on the high energy scale. The physical behavior on the low
energy scale, however, is the one that is of most interest in strongly correlated
electron systems. On this scale where the quasiparticles remain largely intact,
the repeated scattering of quasiparticles can be readily taken into account
in the renormalized perturbation theory. Explicit calculations of the local
dynamic spin susceptibility using the RPT, taking these repeated scatterings
into account, have been shown to give a very good account of the behaviour of
this quantity on energy scales up to several times the Kondo temperature [6].

The disadvantage of the renormalized perturbation approach is that the
renormalized parameters of the theory are unknown. As the number of rele-
vant parameters can be small, one possibility is that they can be calculated
by direct appeal to experiment, as in QED or Fermi liquid theory, and in the
Kondo regime there is only a single parameter Tk to be determined. How-
ever, if the bare parameters are known, the renormalized parameters may
be calculated by other means. In the next section we show, in the case of
the Anderson model, how they can be calculated using the Wilson numerical
renormalization group (NRG) approach.

2.2 Calculation of renormalized parameters

The Anderson model has to be cast into a slightly different form to carry out
the NRG calculations [7]. The conduction band is discretized and converted
to take the form of a tight-binding chain with the impurity coupled by the
hybridization parameter V' to the end site of the chain, as indicated in Fig. 2.1.
The Hamiltonian then takes the form,

H= Z Gd_’gdida—FU’fld,Tnd’i-’-V Z(dico,zf—kcg,dda)_'_z /\1 (C-ir—i-l,aci,a—i_h'c')v
o o 1,0

(2.9)

=} OO OO O

n+1

Impurity . .
P ° conduction electron chain

Fig. 2.1. Linear chain form of the Anderson model used for the NRG iteration
scheme.
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when the Fermi level is at the centre of the conduction band, where A; are the
nearest neighbor hopping matrix elements along the conduction band chain.
Iterative calculations are then carried out, starting at the impurity site and
adding a conduction electron site with each iteration. Truncation has to be
carried out when the number of states involved becomes too large to carry
out the diagonalization. Only the lowest energy states are retained, so that as
the states are retained, so that as the interaction progresses, the many-body
energy lower energy scales. Further details on the setting up the NRG in this
form can be found in the original papers [7] and a recent review article [§].

For this discretized model, the Green’s function for the impurity site for
U = 0 takes the form,

1
w—€eq— V323gp(w)’

G, (w) = (2.10)

where go(w) is the Green’s function for the first site (i = 0) on the conduction
band chain in the absence of the impurity. The single particle excitations corre-
spond to the poles of this Green’s function. The quasiparticle Green’s function
for the interacting system, given in Eq. (2.3), takes a similar form at low fre-
quencies when we can ignore the renormalized self-energy term X(w). Then
the lowest energy single particle and single hole excitations of the interacting
system for the Nth iteration, Ey, and En;, when N is large correspond
to the very low energy regime, should correspond to the poles of (2.10) with
g — égand V — V (equivalent to A — A) If this is the case then in the
large N regime, the values deduced for é; and A should be independent of
N. That this is the case is illustrated in Fig. 2.2, where the values deduced
for €; and A as a function of N are given for a model in the Kondo regime,
with 7A = 0.05, ¢4 = —0.2 and U = 0.3. The values for the two renormalized
parameters é; and A can be deduced in this way (for further details see [9]).

] 0.04
] 0.03
] 0.02
R ] 0.01

—0.01
3

Fig. 2.2. Renormalized parameters: €; (triangles), 7 A (crosses), Upp (stars), Unn
(squares), and Upn (plus signs) as a function of the chain length N in units of 7A
for the parameters 7A = 0.05, ¢4 = —0.2 and U = 0.3.
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When considering excitations from the interacting ground state, which is
taken to be the vacuum state, the interaction term does not come into play
until we create two or more single particle excitations. If we create the lowest
two-particle excitation, corresponding to an energy F pp then, if there is an
interaction between the quasiparticles, this will differ from the energy corre-
sponding to the two non-interacting particles. The difference En pp — 2EnN p
will be proportional to the interaction Upp between the qua&particles We
can similarly define an interaction Uhh between two holes, or —Uph, between
a particle and hole. If these excitations correspond to a renormalized Ander-
son model, then we should find for large N that Uy, = Up, = Uph, and we can
identify the common value with U. The values deduced for Uy, Upp, and Uy,
as a function of N are also given in Fig.2.2. It can be seen that for large N
they do indeed converge to a common value U. What is more, because we are
in the Kondo regime we see from the inset that they correspond to a single

energy scale, &g ~ 0, U = 1A, as deduced from the RPT. We are, therefore,
justified in identifying the U deduced from the NRG with the one defined in
Eq. (2.2).

From the NRG calculation we have been able to calculate all three renor-
malized parameters required for the renormalized perturbation theory (RPT).
The obvious question at this stage, is why do we need the RPT if we can calcu-
late the physical quantities of interest directly using the NRG? There are two
answers to this question. First of all it can be a very useful aid to the NRG.
For instance, the calculation of the zero temperature susceptibility from the
NRG is quite complicated, involving a subtraction from the total susceptibility
of the result for the isolated conduction chain. Instead of this we can calcu-
late the renormalized parameters, &7, A, and U, and substitute into Eq. (2.6)
which gives results accurate to four significant places when compared with
the exact values calculated via the Bethe ansatz [9]. The renormalized param-
eters calculated for the physical ranges of U and €4 provide a global view of
the low energy physics of the model (see Refs. [9,10]). We can also general-
ize the approach and calculate the parameters as a function of an external
magnetic field H and follow how the quasiparticles are de-renormalized from
strongly renormalized values in the Kondo regime for weak fields, to bare val-
ues in extremely large fields when the low energy spin excitations responsible
for the Kondo effect are suppressed [11,12]. An example is shown in Fig. 2.3
where the parameters eq(h) and 7j(h) are defined by 0.5(€q,| (k) + €41 (h)) and
0.5(é4,,(h) —é4.1(h))/h, respectively. For the asymmetric model shown A, (h),
depend on the spin component ¢ in intermediate field regimes.

An advantage of the RPT is that the T? coefficient in the impurity contri-
bution to the conductivity can be calculated essentially exactly from Eq. (2.8).
Due to problems of broadening, in obtaining a continuous spectrum from the
discrete NRG results, this temperature dependence is difficult to calculate
accurately from the NRG.

A major problem arises in extending the NRG method to non-equilibrium
situations which occur, for instance, in calculating the current through a
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T T T T T T T
, b |
fi(h)
1.5 ~
Uh)/U
Ay(h)/As(h)
1
0.5F
g4(h)/mA

s | s | L | s | s

0 -8 -6 —4 -2 0 2
In(h/nA)

Fig. 2.3. Renormalized parameters as a function magnetic field h = gusH/2 for
bare parameters 7A = 0.1, U/rA = 3.0 and eq/7A = —0.3 taken from Ref. [12].

quantum dot when a finite bias voltage is applied. Some progress with this
problem has been made [13-15], but it is computationally very difficult, and
there is clearly room for alternative methods. In the next section we see how
the RPT can be applied to this class of problems.

2.3 Electron transport through quantum dot

The Anderson impurity model has almost universally been used to describe the
electron transport through a quantum dot, coupled by leads to two electron
reservoirs, when a bias voltage Vg is applied between the reservoirs to induce
a current flow through the dot. The model is appropriate to the Coulomb
blockade regime when the spacing between the energy levels on the dot are
large, and the coupling through the leads is relatively weak. The difference
with the model as described in Eq. (2.1), where the impurity plays the role of
the dot, is that there is a coupling or hybridization with two electron reservoirs.
This means that the hybridization term in Eq. (2.1) is replaced by two such
terms, with the V7, the coupling via the left lead to the L-reservoir of electrons,
and Vg to the right lead and the R-reservoir, where Zk o €k ch k.o Cik,o fori =
L, R describes the two electron reservoirs. Using this model and the Keldysh
generalization of perturbation theory for non-equilibrium but steady state
conditions, Meir and Wingreen [16] derived the formula for the current I
passing through the quantum dot,

QBALAR

+o00o
=20 Th(AL + Ap) Z/ (fo(w) = frR(W))[-Im G} ,(w, V)] dw, (2.11)



18 A. C. Hewson et al.

where GI,  (w, Vp) is the retarded Green’s function for the dot site calculated
under steady state conditions, and f1(w), fr(w) are the Fermi distribution
functions for the electrons in the left and right reservoirs, respectively. The
Green’s function Gy , (w, V) is the same form as defined earlier after Eq. (2.2),
with A replaced by Ay, +Ag, but the self-energy X, (w, Vp) in the presence of a
finite bias voltage V has to be calculated under steady state conditions using
the more general Keldysh perturbation theory [17]. The chemical potentials
in the left and right channel, ;;, and pug, are such that pur — pr = eVp.

For the calculation to first order in Vg5 at zero temperature, we need only
the Green’s function at w = 0, as the Fermi factors give a term in V. This is
given by z multiplied by the quasiparticle Green’s function given in Eq. (2.3)
with 3(0) = 0. Then

oI 4e*  ALAg
oV wh €§+(A~L+A~R)2’

(2.12)

which is entirely in terms of renormalized parameters. A similar quasiparticle
approach to the zero-temperature conductance has been developed by Rejec
and Ramsak [18]. The result can alternatively be expressed in terms of a phase
shift n,

ol 462 ALAR

S 2
Vs wh (Ap+Ap2 T (2.13)

where i = tan~1(¢4/ (AL + AR)).

This approach has been generalized to calculate the differential conduc-
tivity through more complicated multidot systems [19-21]. It can also be
generalized to include an arbitrary magnetic field to give

2 ] .
oI 2 Ag,é(h)Ag,i(h) SO (2.14)

Once the renormalized parameters have been calculated, these expressions can
be evaluated by direct substitution into the formulae.

As an exact expression can be derived for the self-energy ¥ (w) from the
RPT to order T2 and w?, the coefficient of the leading order T2 correction to
the linear response can be calculated exactly. The result for the renormalized
self-energy for the symmetric model (g = —U/2) is

- iU?
Ew,T = - w2—|— T2+ s 215
@D = gmi, A O ] @)
which then leads to

oI 4e*  ApApg [1_1+2(R—1)2< 7T >2+

= = - = = , (2.16
Vg mh (AL+AR)2 3 Ap + Ag ( )
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where R =1+ U/W(AL + AR) In the Kondo regime, the model is essentially
symmetric as ég — 0, U = 7T(AL + AR) = 4Tk and R = 2.

Techniques for calculating the local equilibrium Green’s function using the
NRG, for models like the Anderson model, have now become almost stan-
dard, and the results can be substituted directly into the Meir-Wingreen
formula (2.11) to evaluate the linear response. Going beyond the linear re-
sponse regime, to calculate the Green’s function in non-equilibrium situations
is a much more demanding problem. Progress has been made in extending
the NRG technique to quantum dot models in non-equilibrium [13-15], and
also in applying the Bethe ansatz approach [22]. Any definitive results ob-
tained using these approaches would give useful benchmarks for testing ap-
proximation schemes which might be applicable to a wider class of models.
The RPT approach can rather straightforwardly be extended to steady state
non-equilibrium conditions using the renormalized version of the Keldysh
perturbation theory [17]. The free propagators used in the expansion can
be expressed in terms of the renormalized parameters, €4, A~L and A~R to
calculate the renormalized self-energy x (w), to evaluate the retarded quasi-
particle Green’s function as given in Eq. (2.3). A systematic expansion can
be developed in powers of U. To zero order in U, and symmetric couplings,
AL =Ap = A2

or €2 A? A?
ST — . (2.17)
oV 2mh (Ed - €VB/2)2 + A2 (Ed + 6V3/2)2 + A2
In the Kondo regime with A = 4T/, this simplifies to
oI 2 T2
= K (2.18)

Vg wh (67‘1’V]3>/8)2-|-TI%7

which, as a function of eVp, corresponds to a resonance of width of the order
Tk.

When carried out to second order in U, the leading order correction to
the renormalized self-energy to order V3, assuming symmetric couplings, is
-3 02(€VB)2/87T2A~3. When this term is taken into account, the leading cor-
rections to the T' = 0 linear differential conductance are given by

oI e?

e | 1+2R-1)? (aT 2+1+5(R—1)2 eV’
oV  mh 3 A 4 A

)

(2.19)

This result is exact to order V3 as well as to order T2 as first shown by Oguri
[23,24]. The result is apphcable in the Kondo regime, with U=nrA=4Tk.

In theoretical calculations it is often useful to simplify matters by making

the coupling to the two leads equal, A, = Apg, and assume particle-hole
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symmetry, so that one can take u; = u+ eVp/2 and pg = p — eVp/2.
With this symmetry the charge on the dot will not change as the bias voltage
is varied. Experimentally this situation is difficult to achieve, and the relative
coupling to two leads can be an important factor. In the extreme case that
one of the leads is only weakly coupled to the dot, so that Ay > Ag, then
it should be reasonable assume that the current into the right reservoir is
probing the equilibrium situation of the dot. If this is the case, it should be
sufficient to leading order in Ay, to use the equilibrium Green’s function on
the dot in evaluating the current using the Meir-Wingreen formula (2.11).
This is the usual assumption in STM experiments where the probe of the
microscope is weakly coupled to the atoms which are probed on the surface
being examined. If this is not the case, then the effects of asymmetry in the
coupling strengths needs to be considered carefully. One way of parameterizing
the dependence of the left and right chemical potentials on the bias voltage
Vpisur = p+areVp, up = p—areVp, such that ap +ar =1, but ayp —ag
is undetermined. In the absence of a bias voltage the values of the energy
level on the dot, €4, ¢4 + U (measured relative to p), will largely determine
the charge on the dot. Applying a gate voltage to the dot allows these levels
to be moved so that current through the dot can be measured in different
parameter regimes for the charge on the dot. The factor a;, — ap introduces a
bias voltage dependent shift in €4, so that the charge on the dot may change
as the bias voltage is varied. If the charge on the dot is known as a function
of the bias voltage then this information can be used to determine ajy and
ar individually. This means that for a complete calculation of the current
through the dot one needs also to be able to calculate the charge on the dot
in steady state conditions with an applied bias voltage. The zero order result,
Eq. (2.17), generalizes to

. (2.20)

ol 7% OZLALAR OZRALAR
oVp mh (€q — aL6V3)2 + A2 (€q + aReVB)2 + A2

with asymmetric couplings, where A= AL + Ag. The corresponding result
for the charge on the dot is

(ndot) = 1+ﬁtan*1 (ed - OiLBVB>+2A~Rtan1 <w> . (2.21)
A A A A

It can be shown, however, that in the calculation of the VB? term in the
differential conductivity that if one assumes Aj; # Ag, the result of the
evaluation of the integral in Eq. (2.11) to this order is independent of af, — ag,
so Eq. (2.19) can be generalized to the case of unequal couplings by multiplying
the result in (2.19) by a factor 4A; Ar/(AL + Ag)?.

There have been some very careful experiments on quantum dot in the
Kondo regime, which have been used to estimate some of these leading cor-
rection terms [25] to the differential conductance, plus an estimate of further
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correction term proportional to VAT?. The results are consistent both with
the V32 and T? power law, and also general agreement with the magnitude of
the coefficient as given in Eq. (2.19). An analysis of these results, includ-
ing the VAT? term, has been made by Rincén et al. [26] using the non-
equilibrium RPT to second order for the Anderson model. They find for a
value of U / A = 0.365, which corresponds to a regime in which charge fluc-
tuations play a role, that they get excellent agreement with the experimental
results, including the coefficient of the term in VAT?.

Experiments have also been made of the transmission through a quantum
dot in the Kondo regime in the presence of a magnetic field [27-29]. They
have been used to make estimate of the splitting of a Kondo resonance by a
magnetic field, with results that are claimed to be disagreement with theory.
However, these experiments are performed by measuring the transmission by
varying the bias voltage, and there are no definite predictions of any precise
theory so far of the current through a dot under these non-equilibrium con-
ditions. Using the RPT it is possible to extend the calculations of the leading
order corrections to the differential conductance as given in Eq. (2.19) to sit-
uations with arbitrary strength magnetic field, via using the field dependent
renormalized parameters, as in Eq. (2.14). As the magnetic field strength is
increased, there is a critical value at which the V3 term in the expression
for the total differential conductivity changes sign. This is the signal for two
peaks to begin to emerge in the differential conductivity as Vp is varied. This
critical field can be calculated exactly, as the coefficient of the V3 is given
exactly by the RPT and the renormalized parameters are valid for arbitrary
magnetic field. The details of this calculation are rather more complicated,
so we will not reproduce the result here but refer to the paper of Hewson
et al. [30].

The T? coefficient in Eq. (2.19) also becomes field dependent in the pres-
ence of a magnetic field. Again this can be calculated exactly using field de-
pendent renormalised parameters [11,12]. As the field strength increases this
coefficient also changes sign for a value of order h ~ Tk. The values of Tk
should be small enough in some quantum dot for this change of sign to be
seen experimentally.

A further exact result for quantum dot has been established using RPT
by Fujii [31]. He has derived a result for the shot noise S, to leading order in
Vp for the model with symmetric couplings,

S() ()]

which corresponds to the result derived for the s-d model [32] in the Kondo
regime when R = 2.

2€3|VB|
S, = — 151
h 7h
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2.4 Discussion

The renormalized perturbation theory is a way of carrying out a perturba-
tion expansion in terms of fully dressed quasiparticles. No approximations are
made in setting up the expansion, so in principle it can be used for calculations
in any energy or parameter regime. The method is most useful, however, in
the low energy regime where the physics is dominated by quasiparticle scat-
tering, and asymptotically exact results can be obtained from either low order
perturbation theory alone, or from a subclass of diagrams involving repeated
quasiparticle scattering. In a strongly correlated system, it is the low energy
regime where most of the interesting physics takes place. The renormalized
parameters have to be determined, and they can be calculated very accurately
for impurity models using the NRG. The approach is a very useful adjunct to
the NRG. The approach is not dependent on the NRG, however, and it should
be possible to calculate the renormalized parameters in other ways, and some
of these alternatives are being examined.

In quantum dot the physics of strongly correlated systems can be explored
in equilibrium and steady state conditions. The fact that many of the im-
portant parameters can be varied in controlled ways, by changing applied
gate voltages, or the number or geometry of the dots, means that theoreti-
cal predictions can be tested over physically distinct parameter regimes. The
RPT approach has proved useful in analysing the conduction through more
complicated arrangements of quantum dot [19-21]. In applying the method
to non-equilibrium steady state conditions, it is encouraging that a number
of exact asymptotic results can be established from calculations carried out
to second order only. There is certainly scope for extending the calculations
to higher energy scales, and higher bias voltage, by taking account of higher
order scattering processes.

Acknowledgement

We thank Y. Nisikawa for helpful discussions. This work is supported in part
by an EPSRC grant (No. EP/G032181/1) for one of us (ACH), and a JSPS
Grant-in-Aid for Scientific Research (C) (Grant No. 20540319) for one of us
(A.O.).

References

1. L.H. Ryder, Quantum Field Theory (Cambridge University Press, Cambridge,
1996)

2. K. Wilson, Rev. Mod. Phys. 47, 773 (1975)

3. P.W. Anderson, Phys. Rev. 124, 41 (1961)

4. A.C. Hewson, Phys. Rev. Lett. 70, 4007 (1993)



8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.

30.
31.

32

2 Renormalized perturbation approach to quantum dot 23

A.C. Hewson, J. Phys.: Cond. Mat. 13, 10011 (2001)

A.C. Hewson, J. Phys.: Cond. Mat. 18, 1815 (2006)

H.R. Krishnamurthy, J.W. Wilkins, K.G. Wilson, Phys. Rev. B 21(3), 1003
(1980)

R. Bulla, T. Costi, T. Pruschke, Rev. Mod. Phys. 80, 395 (2008)

A.C. Hewson, A. Oguri, D. Meyer, Eur. Phys. J. B 40, 177 (2004)

A.C. Hewson, J. Phys. Soc. Japan 74, 8 (2005)

A.C. Hewson, J. Bauer, W. Koller, Phys. Rev. B 73, 045117 (2006)

J. Bauer, A.C. Hewson, Phys. Rev. B 76, 035119 (2007)

F.B. Anders, A. Schiller, Phys. Rev. Lett. 95, 196801 (2005)

F.B. Anders, Phys. Rev. Lett. 101, 066804 (2008)

F.B. Anders, J. Phys.: Cond. Mat. 20, 195216 (2008)

Y. Meir, N. Wingreen, Phys. Rev. Lett. 68, 2512 (1992)

L.V. Keldysh, Sov. Phys. JETP 20, 1018 (1965)

T. Rejec, A. Ramsak, Phys. Rev. B 68, 035342 (2003)

A. Oguri, A. Hewson, J. Phys. Soc. Japan 74, 988 (2005)

A. Oguri, Y. Nisikawa, A. Hewson, J. Phys. Soc. Japan 74, 2554 (2005)

T. Numata, Y. Nisikawa, A. Oguri, A. Hewson, Phys. Rev. B 80, 155330 (2009)
P. Mehta, N. Andrei, Phys. Rev. Lett. 96, 216802 (2006)

A. Oguri, Phys. Rev. B 64, 153305 (2001)

A. Oguri, J. Phys. Soc. Japan 74, 110 (2005)

M. Grobis, I.G. Rau, R.M. Potok, H. Shtrikman, D. Goldhaber-Gordon, Phys.
Rev. Lett. 100, 246601 (2008)

J. Rincén, A. Aligia, K. Hallberg, Phys. Rev. B 79, 121301 (2009)

D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. Abusch-Magder,
U. Meirav, M.A. Kastner, Nature 391, 156 (1998)

S.M. Cronenwett, T.H. Oosterkamp, L.P. Kouwenhoven, Science 281, 540 (1998)
A. Kogan, S. Amasha, D. Goldhaber-Gordon, G.Granger, M.A. Kastner,
H. Shtrikman, Phys. Rev. Lett. 93, 166602 (2004)

A.C. Hewson, J. Bauer, A. Oguri, J. Phys.: Cond. Mat. 17, 5413 (2005)

T. Fujii, preprint: Arxiv:0807.4869 (cond-mat) (2008)

. A. Gogolin, A. Komnik, Phys. Rev. Lett. 97, 016602 (2006)



2 Springer
http://www.springer.com/978-94-007-0043-7

Physical Properties of Nanosystems
Bonca, )., Kruchinin, 5. (Eds.)

2011, ¥, 340 p., Hardcover

ISEN: @78-24-007-0043-7



	2 RENORMALIZED PERTURBATION APPROACH TO ELECTRON TRANSPORT THROUGH QUANTUM DOT
	2.1 Introduction
	2.2 Calculation of renormalized parameters
	2.3 Electron transport through quantum dot
	2.4 Discussion
	References


